Previous studies indicate that individuals exposed to stress in juvenility are more prone to suffer from stressrelated psychopathologies in adulthood. Evidence suggests that exposure to enriched environment (EE) conditions alleviates juvenile stress (JVS) effects. Exposure to stress has been found to affect immune responses to challenges, but whether JVS has long-term effects on inflammatory processes remains unclear. Here, we examined the impact of JVS on inflammatory processes in adulthood, and the effects of exposure to EE conditions. Adult rats exposed to JVS showed elevated levels of blood monocytes after induction of peritoneal inflammation. This was associated with higher concentration of blood chemokine ligand type 2 (CCL2), but lower levels of its receptor, chemokine receptor type 2 (CCR2) on these monocytes, indicating reduced ability of these monocytes to be recruited to the inflammatory site. In accordance, JVS led to reduced levels of recruited macrophages at the peritoneal cavity, as well as a reduced activation ratio for the release of peritoneal interleukin-10 (IL-10) by lipopolysaccharide (LPS) activation. EE conditions, which fully reversed the anxiety-like behavior resulting from exposure to JVS, did not reverse JVS-induced alterations in blood concentration of monocytes or peritoneal macrophages, but affected IL-10 activation ratio. This effect was associated with a compensatory elevation of the peritoneal CCL2-CCR2 axis. Our results demonstrate long-term metaplasticity-like effects of JVS, which alter inflammatory processes in response to immune challenges in adulthood. Our results also raise the possibility that EE does not simply reverse the effects of JVS but rather indirectly modulates its impact.
Introduction
The concept of metaplasticity has initially referred to changes that modify the properties of synaptic plasticity due to a priming or preconditioning event, focusing on the synaptic and cellular level (Abraham & Bear, 1996) . It has later become apparent that the term could also be useful to describe plasticity changes on a more global level, including environmental stressors as priming events and altered behavior as outcome measures, referred to as "behavioral metaplasticity" (Schmidt, Abraham, Maroun, Stork, & Richter-Levin, 2013) . Such behavioral metaplasticity has been shown to be induced by exposure to stress in juvenility, the post-weaning pre-puberty/juvenile stage which holds close resemblance to human late childhood. Specifically, exposure to stress at this stage of life can alter behavioral responses to challenges in adulthood, such as increased anxiety, impaired learning, and poor coping skills (Avital & Richter-Levin, 2005; Avitsur, Levy, Goren, & Grinshpahet, 2015; Brydges, Hall, Nicolson, Holmes, & Hall, 2012; Tsoory & Richter-Levin, 2006; Yee, Schwarting, Fuchs, & Wöhr, 2012) , as well as lead to neurophysiological, molecular, and biochemical alterations associated with neural plasticity (Bazak et al., 2009; Brydges, Jin et al., 2014; Cohen et al., 2007; Grigoryan, Ardi, Albrecht, Richter-Levin, & Segal, 2015; JacobsonPick & Richter-Levin, 2012; Tsoory, Guterman, & Richter-Levin, 2008; Tsoory, Vouimba, et al., 2008; Yee, Plassmann, & Fuchs, 2011) .
The majority of animal studies concerning the effects of early life stress on the function of the immune system have focused on exposure to stress during the perinatal and/or pre-weaning periods, which correspond to the stage of infancy in humans. In the present study, we focus on the effects of exposure to stress during juvenility. While there is strong support to indicate that exposure to juvenile stress (JVS) can induce behavioral metaplasticity, data concerning the long-term effects of exposure to stress during this sensitive developmental period on the immune system is still lacking.
Over the years, numerous clinical and experimental studies have shown that psychological stress can impact the immune function in adulthood (Dhabhar, 2014; Godbout & Glaser, 2006; Gouin, Glaser, Malarkey, Beversdorf, & Kiecolt-Glaser, 2012; Padgett & Glaser, 2003) . Interestingly, some of these studies show that stress occurring at an early stage of life can cause long-lasting changes in the immune function, as observed both in humans and animals (Avitsur et al., 2015; Coelho, Viola, Walss-Bass, Brietzke, & Grassi-Oliveira, 2014) . For example, clinical studies show that individuals who have suffered a history of early-life stress display long lasting alterations in pro-inflammatory mediators (Carpenter et al., 2010; Danese et al., 2008; Lopes et al., 2012) . Similarly, neonatal stress increases pro-inflammatory cytokine expression and viral replication in influenza virusinfected adult mice (Avitsur, Hunzeker, & Sheridan, 2006) . While several studies indicate that the immune system contributes to metaplasticity-like changes (Grau et al., 2014; Huie et al., 2012) , the metaplasticity-like effects on the adult immune functions resulting from exposure to JVS have yet to be determined.
Previous studies have shown that exposure to an enriched environment (EE) regulates excitability, synaptic transmission, and long term potentiation (LTP) in the dentate gyrus of rats, indicating the potential role of EE in metaplasticity effects (Irvine, Logan, Eckert, & Abraham, 2006) . Exposure to EE conditions can also ameliorate stress-induced behavioral alterations and significant EE effects have been reported following early life stress. For instance, Cui and colleagues (Cui et al., 2006) demonstrated that, in young adult rats, exposure to EE helped to completely overcome the effects of early life stress, which included impaired spatial learning, increased depressivelike behavior, and impaired hippocampal LTP. In addition, EE has been also shown to reverse most of the effects of exposure to JVS not only on the behavioral level, but also on the endocrine and biochemical levels (Ilin & Richter-Levin, 2009 ).
Studies concerning the effects of exposure to EE on the immune system also support the beneficial aspect of this behavioral manipulation. For instance, it has been demonstrated that environmental enrichment has positive effects not only on behavioral parameters, but also on the activity of natural killer (NK) cells in mice (BenaroyaMilshtein et al., 2004) . In addition, rats exposed to EE have been shown to be less vulnerable to the negative effects of repeated immune challenges (Mlynarik, Johansson, & Jezova, 2004) , and exposure to EE proved to have a corrective effect on impaired spatial and contextual memory in interleukin-1 (IL-1) signaling deficient mice (Goshen et al., 2009) . In another study, following an immune challenge, rats exposed to EE displayed reduced expression of pro-inflammatory cytokines within the hippocampus compared to rats in standard housing conditions (Jurgens & Johnson, 2012; Williamson, Chao, & Bilbo, 2012 ). Chabry and colleagues have shown that EE favors an anti-inflammatory activation state by blocking gene induction of pro-inflammatory cytokines in brain-sorted microglia. In addition, they have shown that EE housing significantly increases the percentage of macrophages expressing IL-4Rα and chemokine receptor type 2 (CCR2), similarly to what has been observed in microglia (Chabry et al., 2015) .
In the current study, we set out to investigate the metaplasticity-like effects of exposure to JVS on behavior and on the immune system function, specifically focusing on trafficking of monocytes and macrophages during inflammation and their relevant chemokines and receptors, while also examining the ability of EE housing conditions following exposure to JVS to alter these effects.
Materials and methods

Animal subjects
Male Sprague-Dawley (SD) rats (Envigo Laboratories, Israel) were habituated in the Brain and Behavior Research Laboratory facilities for five days before starting the experiment. The rats were maintained for the entire duration of the experiment on a 12/12 h light-dark cycle (lights on at 07:00-19:00), room temperature of 22 ± 2°C, with four rats per cage (35 × 60 × 18 cm 3 ) on sawdust bedding (replaced once a week), with water and solid food pellets provided ad libitum. Weekly body weight measurements took place throughout the entire experiment period. All procedures and tests were approved by the Institutional Animal Care and Use Committee and adhered to the guidelines of the US Institute of Laboratory Animal Research Guide for the Care and Use of Laboratory Animals.
Experimental design
In order to evaluate the long term metaplasticity effects of the exposure to JVS and the influence of EE housing conditions, rats were assessed behaviorally for anxiety in adulthood (59 PND) using the elevated plus maze (EPM) and open field (OF) exploration test (as described in Sections 2.5.1 and 2.5.2). Immune system functionality was challenged one day after the behavioral assessments using intra-peritoneal (i.p.) injection of carrageenan (1.5 mg/kg). Rats were decapitated 16 h post peritonitis induction, since preliminary experiments indicated that in this model of induced peritonitis, inflammation reaches its peak 16 h post injection (data not shown). Blood and peritoneal fluid were taken for immunological tests (as described in Section 2.6) (see Table 1 ).
Juvenile stress protocol
The procedure was comprised of three sequential days of exposure to different stressors (as discussed in Horovitz, Tsoory, Hall, JacobsonPick, & Richter-Levin, 2012 ); a different stress protocol was used each day, at approximately midday (12:00 PM). Day 1 (27 PND), forced swim: 10 min forced swim in an opaque circular water tank (diameter: 0.5 m; height: 0.5 m; water depth: 0.4 m), water temperature 22 ± 2°C. Day 2 (28 PND), elevated platform: 70 cm above floor level, located in the middle of a small closet-like room. Rats were subjected to three 30 min trials with inter-trial interval of 60 min in the home cage. Day 3 (29 PND), restraint: rats were placed in a metal mesh restraining box that prevents forward-backward movement and limits side-to-side mobility. Rats remained in the restraining box for 2 h (Tsoory & RichterLevin, 2006) . Protocols were applied simultaneously to all rats in the same cage, in order to prevent isolation. Following the completion of the stress procedure, rats returned to their home cages and were not handled until reaching sexual maturity, at the age of ∼60 PND, except for weekly weighing and cage sawdust bedding maintenance. Table 1 Experiment layout. SD male rats (22 PND) were housed in the animal facility for five days of acclimation. The JVS group and the JVS + EE group were exposed to the JVS protocol (27) (28) (29) . At 30 PND the EE group and the JVS + EE group were transferred to the EE cages and remained there for the entire duration of the experiment. All four groups were assessed behaviorally (OF and EPM) in adulthood. Immune system functionality was challenged using carrageenan (1.5 mg/kg, i.p.). Rats were decapitated 16 h post peritonitis induction. Blood and peritoneal fluid were taken for immunological tests. 
EE procedure
Rats were transferred to EE cages at the age of 30 PND and remained in these housing conditions throughout the entire period of the experiment until 60 PND. Rats were housed in large cages (80 × 80 × 50 cm 3 ) provided with three differently shaped plastic containers, two tunnels, one colored platform, and two running wheels. The objects were changed twice a week. Additionally, once a week the rats in the EE and the JVS + EE groups were transferred to another enriched cage and were handled for 1 h, while the control group remained in its home cage in the handling room (as described in Ilin & Richter-Levin, 2009 ).
Behavioral assessments
OF exploration test
The OF test is a commonly used measure of general locomotor activity and willingness to explore in rodents (Stanford, 2007) . The apparatus is a quadrant box, 90 cm length and width with a 30 cm wall, divided into 15×15 cm squares. Animals were placed in the center of the field, and the following variables were recorded and scored (EthoVision XT 8, Noldus) for 5 min: (1) percent of time spent in the center arena; (2) distance crossed (cm) in center arena; (3) total distance crossed (cm) in the apparatus. Each session started with a 5 min habituation period in the test room. The device was cleaned after each rat using soapy water. The test room had dim illumination (40 W) for decreasing the aversiveness of the test (as described in Avital & RichterLevin, 2005) 
EPM test
The EPM rodent model of anxiety (Carobrez & Bertoglio, 2005 ) is based on rodents' aversion of open spaces. This aversion leads to a behavior termed thigmotaxis, which involves avoidance of open areas by confining movements to enclosed spaces or to the edges of a bounded space. In the EPM, this translates into restriction of movement to the enclosed arms (Pellow, Chopin, File, & Briley, 1985) . Each session started with a 5 min habituation period in the test room. The device was cleaned after each rat using soapy water. The test room had dim illumination (40 W) for decreasing the aversiveness of the test (as described in Avital & Richter-Levin, 2005 ).
Immunological assessments 2.6.1. Tissue collection
Immune system functionality was challenged using injection of carrageenan (Fluka #22049, 1.5 mg/kg, i.p.). Rats were sacrificed by decapitation 16 h post peritonitis induction. To evaluate chemokine receptor expression, trunk blood (5 ml) was collected in heparin coated tubes. In addition, to evaluate chemokine secretion using ELISA, trunk blood (5 ml) was collected in 15 ml test tubes. For extraction of peritoneal cells, phosphate buffered saline (PBS, 20 ml) was administered into the peritoneal cavity, and peritoneal lavage (10 ml) was collected using a syringe, placed in a 15 ml test tube, and centrifuged at 300g for 5 min. The peritoneal fluid was used for ELISA cytokine and chemokine measurements.
Evaluation of blood component changes
In order to evaluate blood component changes, leukocytes (lymphocytes, basophils, eosinophils, neutrophils, and monocytes) were counted using Giemsa staining. A blood sample from each rat was smeared on a microscope slide and then stained using Wright-Giemsa solution (Sigma-Aldrich, Cat WG16) according to manufacturer's instructions. After staining, cells were counted using X100 magnification in a light microscope (ZEISS, Axio scope A1) (Punzel et al., 1999) .
Measurement of interleukin-10 (IL-10) secretion in peritoneal macrophages
Peritoneal cells were seeded in a 24-well plate (2 * 10 6 cells/ml/ well) and incubated at 37°C for 2 h to enable surface adhesion. Next, the cells were washed twice with PBS and incubated with fresh RPMI medium with or without lipopolysaccharide (LPS) (1 µg/ml) at 37°C in a 95% air 5% CO 2 humidified incubator for 24 h. Supernatant was collected after 24 h and IL-10 measurements were performed (in duplicate) using an ELISA kit (rat IL-10 DY522, R & D systems), according to manufacturer's instructions, in the Epoch plate reader using Gen5 analysis software.
Evaluation of chemokine secretion in peritoneal macrophages and blood monocytes
Peritoneal fluid was stored at −20°C until the procedure was performed. ELISA kit for chemokine ligand type 2 (CCL2) (BD Biosciences #555139), CCL3 (CusaBio #CBS-E07422r), CCL4 (CusaBio #CBS-E07421r), and CCL5 (Antigenix #RRF424CK) were used (in duplicate). CCL2-5 ELISA measurements were also performed on blood serum.
Measurement of expression of chemokine receptors CCR2 and CCR5 in blood monocytes and peritoneal macrophages
Trunk blood (∼5 ml) was collected in heparin coated tubes for evaluation of monocyte chemokine receptors. Blood was diluted 1:3 with fresh RPMI medium. Peripheral blood mononuclear cells (PBMCs) were separated using lymphocyte separation medium (MP Biomedicals Cat 50494) and centrifuged in Leucosep tubes (Greiner bio-one, Germany) for 20 min at 830g, RT, without brake. The upper fraction (monocyte containing phase) was transferred to a new tube, washed X2 with 12 ml of fresh RPMI, and centrifuged for 7 min at 300g, 4°C each time. Next, the cells were counted and stained. The same procedure was conducted for blood samples (monocyte chemokine receptor expression) and for the peritoneal fluid samples (macrophage chemokine receptor expression): cells were stained using anti CD172-PE (BD Biosciences, PMG552298), anti CD11b-Alexa 488 (AbD Serotec, MCA275A488), anti CCR2 (R & D Systems, FAB5538A), anti CCR5 (R & D Systems, FAB1802A), and later analyzed using FACS. Cell concentration was determined, and the samples were centrifuged for 7 min at 300g, 4°C. Supernatant was discarded, and the cells were brought to a final concentration of 5 * 10 6 cells/ml. 1 * 10 6 cells from each sample were incubated with a blocking solution containing 1% BSA in PBS for 10 min. The samples were stained using anti CD11b (1:10), anti CCR2 (1:10), and anti CCR5 (1:10) in a final volume of 25 µl for 20 min in a dark place on ice. The samples were washed twice with 1% BSA in PBS, and re-suspended with 450 µl of 1%BSA and then transferred to a clean FACS tube containing 150 µl of 2% paraformaldehyde in PBS for fixation. The stained samples were stored in a dark environment at 4°C, until FACS analysis was performed.
Statistical analysis
Data are presented as actual values or, when mentioned, percentages or ratio. Statistical significance was determined by One-way ANOVA followed by Tukey's post-hoc test. P < 0.05 was considered significant. Error bars represent SEM.
Results
Exposure to EE ameliorates JVS-induced anxiety-like behavior
In order to examine the behavioral effects of EE on JVS, rats were treated either with JVS or without JVS (control), and either with or without EE (control, JVS, EE, JVS+EE groups; as described in Section 2.2), and tested for anxiety-like behavior in adulthood in the EPM and OF exploration tests (as described in Sections 2.5.1 and 2.5.2). In the EPM test, one-way ANOVA revealed significant differences between groups for the total distance crossed [F(3,92 EPM open arms was also significantly reduced among JVS rats. JVS + EE and EE rats exhibited (D) a significant increase in activity, (E) a tendency (p = 0.06) towards increased activity in the center arena of the OF apparatus, and (F) a significant increase in the percentage of time spent in the center arena of the OF apparatus.
* p < 0.05; *** p < 0.001 significantly different from control, EE, and JVS + EE rats. # p < 0.05 significantly different from control and JVS exposed rats.
In order to verify whether the decreased distance crossed in the open arms resulted from lower locomotor activity or anxiety, we calculated the ratio between distance crossed in the open arms and total distance. Calculation of this ratio yielded results similar to those shown in Fig. 1B (data not shown) . Specifically, rats subjected to JVS showed a reduced ratio of distance crossed in the open arms to total distance crossed compared to all other groups, indicating increased anxiety-like behavior. In addition, rats exposed to JVS spent significantly less time in the open arms of the apparatus, compared to control (Tukey HSD p < 0.05; Fig. 1C ). The time spent in the open arms can be indicative of anxiety levels, since the total time in the EPM was constant (300 s) and the time in center of the EPM was taken as part of the time spent in open arms. Thus, the reduced time spent in the open arms indicates higher anxiety levels. These results all point towards long lasting anxiety-like behavior induced by the exposure to JVS. The performance of rats that underwent both JVS and EE in the EPM did not differ from control or from rats that underwent only EE (F(3,92) = 0.634; n.s.; Fig. 1A-C) . These results indicate that EE conditions reduce the anxious-like behavior associated with exposure to JVS.
In the OF test, significant differences between groups were apparent for total distance crossed [F(3,92) = 2.756; p < 0.05] and for time spent in the central arena [F(3,92) = 2.981; p < 0.05]. The JVS+EE and EE groups showed decreased anxiety-like behavior, were significantly more active compared to control and JVS groups (Tukey HDS, p < 0.05, Fig. 1D ), and spent significantly more time in the center arena of the apparatus (Tukey HSD, p < 0.05, Fig. 1F ).
Additionally, weekly body weight measurements took place throughout the entire period of the experiment. No differences were found between groups after 5 days of vivarium acclimation [F(3,92) = 1.556; n.s.]. From the second week of the experiment and throughout its five-week duration, significant differences between groups were revealed [F(3,92) = 14.897; p < 0.001]: The weights of the JVS+EE and EE groups were significantly lower compared to the control and JVS groups (post hoc comparisons, Tukey HSD, p < 0.001).
Exposure to JVS impairs monocyte recruitment to the inflammatory site
After establishing the effect of exposure to JVS on anxiety-like behavior, we set out to examine alterations in immune system functioning as a result of exposure to JVS. Thus, following the behavioral tests, peritoneal inflammation was induced (as described in Section 2.6.1). Peritoneal cells were counted by FACS, while immune system blood components (lymphocytes, basophils, eosinophils, neutrophils, and monocytes) were counted using Giemsa staining (as described in Section 2.6.2). While no differences between groups were found for overall peritoneal fluid cell concentration [F(3,92) = 0.454; n.s.; Fig. 2A] , the different behavioral conditions elicited differential concentrations of peritoneal macrophages. One-way ANOVA revealed alterations in peritoneal macrophage concentration [F(3,92) = 2.348; p < 0.05], in all experimental groups (JVS, EE, JVS+EE), showing lower levels compared to control (Tukey HDS, p < 0.05, Fig. 2C ). In addition, our results revealed a significant group effect on blood monocyte concentration [F(3,92) = 4.006; p < 0.01]. In the JVS group and in the JVS +EE group, higher blood monocyte concentration was detected, in comparison to the control group and the EE group (Tukey HSD, p < 0.01; Fig. 2B ).
As indicated above, JVS was found to be associated with increased concentration of blood circulating monocytes on the one hand (Fig. 2B) , but a reduced concentration of peritoneal macrophages on the other hand (Fig. 2C) . One possible cause for such alterations could be changes in serum secretion of chemokines or in expression of chemokine receptors in macrophages and/or monocytes. In order to examine this possibility, we focused on the CCL2-CCR2 axis (chemokine (C-C motif) ligand 2 and its corresponding receptor), since it is one of the major chemo attraction axes known to be involved in recruitment and mobilization of monocyte to the inflammatory site (Goldsby, Kindt, Kuby, & Osborne, 2003) .
Towards that aim, we monitored blood CCL2 (also known as MCP-1) concentration, and examined CCR2 expression levels in monocytes. Indeed, we noticed that the elevation in the number of blood monocytes after exposure to JVS (Fig. 2B ) was accompanied by significantly higher levels of blood CCL2 [F(3,92) = 4.104; p < 0.01] (JVS, EE, and JVS +EE significantly differed from controls; Tukey HDS, p < 0.01, Fig. 3A ). In addition, one-way ANOVA analysis on our FACS results (for example Fig. 3E ) indicated a significant reduction in CCR2 expression levels in monocytes after exposure to JVS [F(3,92) = 4.226; p < 0.01] (JVS, EE, and JVS+EE significantly differed from controls; Tukey HDS, p < 0.01, Fig. 3B ). This reduction may account for the fact that although rats after exposure to JVS secreted higher CCL2 levels, the signal was inert due to lower CCR2 expression levels in monocytes. This transmission problem may explain the low macrophage concentration at the inflammatory site in these rats (Fig. 2C) .
To further explore the role of immune system components in mediating the anti-anxiety effects of EE, we also tested the involvement of another central axis known to be involved in monocyte trafficking, the CCL5 (also known as RANTES)-CCR5 axis (Proudfoot et al., 2001; Slimani et al., 2003; Struyf et al., 2001 ) and its related chemokines CCL3 and CCL4 (Struyf et al., 2001 ). Blood and peritoneal CCL3 and CCL4 levels, as well as CCL5 peritoneal levels were not detectable by ELISA. No significant differences between groups were found for blood CCL5 levels [F(3,92) = 0.535; n.s.; Fig. 4A )], CCR5 monocytes [F(3,92) = 0.609; n.s.; Fig. 4B ] or CCR5 macrophage [F(3,92) = 0.401; n.s.; Fig. 4C ] expression levels. These results indicate the existence of an apparent hierarchy in chemokine-driven mechanisms in that CCL2/C-CR2-driven but not CCL5/CCR5-driven monocyte recruitment is involved in the effects of exposure to JVS on inflammatory processes.
Immune changes induced by exposure to JVS are not restored by EE conditions
A previous study from our laboratory has revealed the rehabilitating effect of EE on anxiety-like behavior induced by exposure to JVS (Ilin & Richter-Levin, 2009 ). After observing how exposure to JVS dysregulates the normal activity of the immune system, we aimed to discover if environmental enrichment could reverse the observed impairments.
As indicated above, after exposure to JVS, out of all parameters measured in the blood, a significant elevation in monocyte concentration was observed. This elevation was apparent also in the JVS+EE group (Fig. 2B ). This may imply that EE conditions did not restore the elevated monocyte concentration, as it differed from the control group. Furthermore, EE conditions did not restore blood CCL2 levels, monocyte CCR2 expression (Fig. 3A and B) , or peritoneal macrophage concentration (Fig. 2C) . Thus, as opposed to the behavioral results, exposure to EE did not reverse the effects of exposure to JVS at the immune system level.
Exposure to JVS reduces IL-10 activation ratio in peritoneal macrophages
Next, we set out to examine if the observed changes in the blood were also apparent in the inflammatory site, the peritoneum. For this purpose, we focused on IL-10, which is known to be one of the major cytokines involved in inflammation regulation, and specifically in macrophage activity (Goldsby et al., 2003) .
First, we analyzed IL-10 levels secreted from macrophages in their basal state as well as after LPS re-activation in vitro (as described in Section 2.6.3.). We found a group effect difference in IL-10 levels in the naïve state [F(3,92) = 5.422; p < 0.01], and post hoc comparisons revealed higher IL-10 secretion levels in peritoneal macrophages derived from JVS-exposed rats (Tukey HDS, p < 0.01, Fig. 2D ). Following LPS activation, these differences between the control and JVS groups were no longer evident.
Next, we calculated IL-10 activation ratio: [(IL-10 secretion values with LPS activation)/(native IL-10 secretion values)], to examine the level to which the macrophages, already activated by the inflammation we induced, could be activated. A high activation ratio can be achieved by either higher values of IL-10 secretion from LPS re-activated macrophages, or by lower values of IL-10 secretion from naïve macrophages. Conversely, a low activation ratio can be achieved by either lower values of IL-10 secretion from LPS re-activated macrophages or by higher values of IL-10 secretion from naïve macrophages. The intriguing results include a significantly reduced IL-10 activation ratio in the JVS group compared with control [F(3,92) = 3.228; p < 0.05; Tukey HDS; Fig. 2E ]. This reduction results from increased activity of naïve macrophages after exposure to JVS (Fig. 2D) , since IL-10 secretion from re-activated macrophages is similar in both JVS and control groups. These results demonstrate modifications in macrophage activity at the inflammatory site, which are caused by exposure to JVS.
Applying EE conditions after exposure to JVS increases IL-10 activation ratio in peritoneal macrophages by a compensatory mechanism
After establishing that EE conditions could not reverse the impairments resulting from exposure to JVS, as measured in the blood, we examined the immune response in the peritoneum, in which inflammation was induced, by calculating peritoneal macrophages IL-10 activation ratio. Our results clearly indicate a lower IL-10 activation ratio in the EE group and in the JVS group, and a significantly higher IL-10 activation ratio in the JVS+EE group (Fig. 2E) .
Although the end result, a lower IL-10 activation ratio, is the same in the EE group and in the JVS group, the mechanism leading to this result is different. In the JVS group, high levels of IL-10 were secreted from naïve macrophages, while IL-10 levels secreted from re-activated macrophages were similar to control levels. On the other hand, in the EE group, IL-10 secretion levels in naïve macrophages were similar to controls, while IL-10 secretion levels from the re-activated macrophages were low (Fig. 2D ). This may indicate that the EE group has a reduced activation potential.
In addition, a higher IL-10 activation ratio was observed in the rats subjected to JVS and EE compared to rats subjected to JVS without EE. This difference arises from the fact that, in the JVS group, IL-10 levels secreted from naïve peritoneal macrophages were significantly higher than those of the JVS+EE group (Fig. 2D) . This may indicate an increased activation potential in the JVS+EE group.
A comparison between the JVS+EE group and the control group indicates that they do not show any significant difference in IL-10 activation ratio. When analyzing IL-10 secretion levels from the naïve and from the re-activated peritoneal macrophages, we also see similar patterns of secretion (Fig. 2D) . Since the JVS+EE group went through conditions of exposure to JVS and EE, one might simply assume that the exposure to EE reversed the effect of JVS and therefore presents a similar IL-10 activation ratio to the control group. Nevertheless, it should be taken under consideration that after exposure to JVS there is an elevation in IL-10 secretion from naïve peritoneal macrophages, while after EE conditions there is reduction in IL-10 secretion from re- Fig. 2 . EE restores JVS-induced reduction in IL-10 activation ratio in peritoneal macrophages. (A) Neither JVS nor exposure to EE affected peritoneal fluid cell concentration. (B) Rats exposed to JVS with or without EE exhibited significantly higher blood monocyte concentration compared to control. (C) Rats exposed to JVS, EE, and to both JVS + EE exhibited a significant decrease in peritoneal fluid macrophage concentration. (D) Rats exposed to JVS exhibited significantly higher peritoneal macrophages IL-10 secretion levels compared to control. After LPS re-activation, IL-10 secretion levels were significantly lower in the EE group compared to control. Group color coding is the same as in A-C. (E) Rats in the JVS group significantly differed in their IL-10 activation ratio from controls. JVS + EE group demonstrated a significantly higher IL-10 activation ratio compared to rats in the EE and JVS groups. ** p < 0.01 significantly different from control and EE groups; * p < 0.05 significantly different from JVS, EE, and JVS + EE groups; ## p < 0.01 significantly different from control, EE, and JVS + EE (for no LPS)/significantly different from control, JVS, and JVS + EE (for LPS); & p < 0.05 significantly different from control; # p < 0.05 significantly different from JVS and EE groups.
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Neurobiology of Learning and Memory 154 (2018) 12-21 activated peritoneal macrophages. Therefore, we suggest that a different mechanism might account for the fact that IL-10 activation ratio of the JVS+EE group and the control group do not differ (Fig. 2E) . Next, we observed that CCL2 peritoneal levels were significantly higher [F(3,76) = 4.284; p < 0.01] in the JVS+EE group compared to the control group and all other groups. These increased peritoneal CCL2 levels were accompanied by higher percentages of CCR2 macrophage expression in the JVS+EE group [F(3,92) = 3.346; p < 0.01] (Tukey HDS, p < 0.01, Fig. 3C and D) . These differences, between the JVS+EE group and the control group in peritoneal CCL2 concentration and in peritoneal macrophage CCR2 expression level, but on the other hand, a similar IL-10 activation ratio (Fig. 2E) , indicate that EE conditions do not simply reverse the effects of JVS exposure, but rather create a unique compensatory mechanism.
Discussion
Our current findings provide additional evidence that encountering adverse experiences during juvenility elicits significant abnormal anxiety-like behavioral changes in adulthood, compared to age-matched controls (Schmidt et al., 2013; Tsoory & Richter-Levin, 2006; Yee et al., 2012) , even without additional exposure to stress during adulthood (Fig. 1) . These long-term changes are referred to as behavioral metaplasticity (Schmidt et al., 2013) .
Our findings are consistent with previous reports, indicating that immune system alterations are evident after exposure to stress (Dhabhar, 2014; Godbout & Glaser, 2006; Gouin et al., 2012; Padgett & Glaser, 2003) . Since our study focused on the effects of exposure to stress during juvenility in rats, corresponding to human late childhood, our results provide novel information regarding immune system alterations resulting from exposure to stress during this critical period of brain development ( Our results indicate that rats exposed to JVS exhibit higher concentrations of blood monocytes after induction of inflammation, and yet a lower concentration of macrophages at the inflammatory site in adulthood ( Fig. 2B and C) . This metaplasticity-like change in immune cells was specific to monocytes and macrophages, as other populations of cells did not show these types of alterations following exposure to JVS.
A significant role in the inflammatory process is played by CCL2 and its related receptor (CCR2) in migration of monocytes from the bloodstream through the vascular endothelium and to the inflammatory site. Therefore, a normal CCL2/CCR2 axis response is required for the routine immunological surveillance of tissues, and for a regulated inflammatory response (Vakilian, Khorramdelazad, Heidari, SheikhRezaei, & Hassanshahi, 2017) . Many studies have focused on the role of CCR2 as a major regulator of monocyte trafficking under pathological conditions (Szczuciński & Losy, 2007) , and Kimura and colleagues have even suggested that CCL2 can serve as a marker for screening and early intervention in individuals under stress (Kimura et al., 2006) .
Previous reports suggest that specific chemokine-chemokine receptor systems may differentially contribute to monocyte recruitment in a time-and context-dependent manner. For instance, in a model of high fat diet-induced atherosclerosis, CCR1 and CCR5 but not CCR2 or CX3CR1 were found to be crucial for monocyte recruitment (Tacke et al., 2007) . In a setting of induced colitis in mice, both CCR2 and CCR5 were found to be important for driving inflammatory responses (Andres et al., 2000) . A different study indicated that in osteoarthritis there is an apparent hierarchy in chemokine-driven mechanisms in that CCL2/CCR2-driven but not CCL5/CCR5-driven monocyte recruitment promotes osteoarthritis pathogenesis (Raghu et al., 2017) .
In our model of carrageenan-induced inflammation, out of all examined chemokines in this study (CCL2, CCL3, CCL4, and CCL5), CCL2 was the dominant one. In our results, inflammation in rats after exposure to JVS was associated with higher levels of blood CCL2, but on the other hand, lowers levels of monocyte CCR2 (Fig. 3A and B) . Additionally, peritoneal fluid collected from rats exposed to JVS indicated normal levels of monocyte CCL2 and macrophage CCR2 ( Fig. 3C and D) . This seemingly contradictory result led us to hypothesize that in the inflammatory processes after exposure to JVS, monocytes were proliferated and differentiated, but failed to reach their destination at the inflamed site. A possible explanation may be that the proliferating monocytes were unable to respond to the CCL2 chemoattraction signal due to down regulation of CCR2 levels on their membrane, resulting in a lower macrophage concentration at the inflamed site. Indeed, we found that CCR2 concentration was lower in the JVS group. This effect was specific to the CCL2-CCR2 axis, while the CCL5-CCR5 axis activity was not influenced by the behavioral manipulations we applied (Fig. 4) . In addition, within the inflammatory site, the inflammatory response after exposure to JVS resulted in elevated IL-10 secretion levels from naïve macrophages (Fig. 2D) . IL-10 is a prominent anti-inflammatory cytokine, which mediates release of CCL2 (Musso et al., 2005) . Interestingly, stress evokes a significant increase in circulating IL-10 and CCL2 (Maslanik et al., 2013) . Similarly, another study among children from families with high psychological stress has shown increased immune response, including elevation in IL-10 and CCL2 levels (Carlsson, Frostell, Ludvigsson, & Faresjö, 2014) . Another study by Sun and colleagues (Sun et al., 2011) has demonstrated that overexpression of IL-10 induces macrophage recruitment by CCL2/CCR2 axis activation. Taken together with our findings, exposure to stress during juvenility produces long lasting metaplasticity-like immunological changes in the adult body, which affects the ability to carry out a normal regulated process of inflammation.
Environmental enrichment is known to protect against some of the adverse behavioral and biological effects of stressors (Kempermann, Kuhn, & Gage, 1997; Nithianantharajah & Hannan, 2006; Sale, Berardi, & Maffei, 2009; Takuma, Ago, & Matsuda, 2011; Tiet et al., 1998) . Consistent with previous reports (Ilin & Richter-Levin, 2009 ), rats exposed to JVS and then to EE conditions exhibited non-anxious behaviors, similar to control, reflecting the behavioral-level therapeutic effect of EE conditions on the consequences of exposure to JVS. In addition, our data show that rats exposed to EE conditions exhibited overall enhanced activity, which was reflected in lower body weight throughout the entire experiment period (Section 3.1.), as previously reported (Moncek, Duncko, Johansson, & Jezova, 2004) .
Our data show that the higher concentrations of blood monocytes after exposure to JVS were not restored to control levels by the EE housing conditions (Fig. 2B) . A similar trend was observed regarding the lower concentration of peritoneal macrophages in the JVS group and in the JVS+EE group (Fig. 2C) . However, while exposure to JVS elicited higher IL-10 secretion levels in peritoneal macrophages, exposure to EE after JVS abolished this effect (Fig. 2D) . Another index evaluating inflammatory activity is the IL-10 activation ratio, which was calculated as: [(IL-10 secretion values with LPS activation)/(native IL-10 secretion values)]. A high activation ratio indicates that the macrophages at their native state are not highly activated, thus, introduction of LPS induces additional significant levels of IL-10 secretion. Our results indicate that, after exposure to JVS, IL-10 activation ratio is low, presumably due to the high level of naïve macrophage secretion in this group. The EE group also showed a low activation ratio, however, this is presumably due to a different reason, i.e., low responsiveness to LPS activation. By contrast, the JVS+EE group showed a higher IL-10 activated/basal secretion ratio, similar to controls (Fig. 2E) . Our result suggests that while EE conditions could apparently restore the inflammatory response to normal levels in the JVSexposed rats, this effect was not achieved by reversing the change induced by JVS, but rather by enabling a different compensation mechanism to take place.
A similar complex interaction was found in the JVS+EE group with regards to levels of CCL2 and CCR2. Blood CCL2 and monocyte CCR2 levels were similar in the JVS, EE, and JVS+EE groups. These groups exhibited similar alterations, which differed from the control group, i.e., high levels of blood CCL2 and low levels of CCR2 on blood moncytes. However, at the peritoneal cavity, the JVS+EE group was Fig. 4 . EE does not affect levels of blood CCL5 or macrophage CCR5 expression following JVS. JVS and exposure to EE did not affect (A) blood CCL5 levels, (B) monocytes, and (C) macrophage CCR5 expression, as no significant differences were found between groups. CCL5 peritoneal fluid levels were undetectable. significantly different from all other groups, exhibiting higher levels of peritoneal CCL2 and higher levels of CCR2 on peritoneal macropages (Fig. 3A-D) . Lower levels of CCR2 on blood monocytes would result in a difficulty recruiting these cells towards the site of inflammation, in this case, the peritoneum. Indeed, in all three groups (JVS, EE, JVS+EE), our results indicated a lower concentration of peritoneal macrophages (Fig. 2C) . However, among those that did reach the peritoneum and were differentiated into macrophages, the relatively high level of peritoneal CCL2 and CCR2 in the JVS+EE group suggests the activation of a compensatory mechanism that is unique to this group and is different from the JVS group. In the JVS group, the heightened basal antiinflammatory IL-10 secretion pushes the inflammation to its resolution stage. After adjusting to EE, the peritoneal macrophages secrete higher levels of CCL2, express higher levels of macrophage CCR2, and secrete lower levels of IL-10. Therefore, we assume that the contribution of the EE conditions after exposure to JVS enables the immune system to carry out a more prolonged and delayed inflammatory response.
Environmental enrichment can affect the body homeostasis in several manners. A few studies have shown that EE may alter social stability, encourage competition and aggression, and thus promote the establishment of a stressful environment (McQuaid, Audet, JacobsonPick, & Anisman, 2013a , 2013b Van Loo et al., 2002) . Indeed, our results indicate that in several parameters, rats that were exposed either to JVS or EE conditions exhibited similar characteristics. These include concentration of macrophages in the peritoneal cavity after inflammation (Fig. 2C ), blood CCL2 levels (Fig. 3A) , CCR2 expression in monocytes (Fig. 3B) , and more. These effects could reflect the attempts of the system to cope with or adapt to a novel situation, since both JVS and EE can be thought of as novel conditions that induce metaplasticity-like effects, although the mechanism behind these adaptations may be different. In fact, as for blood CCL2 levels and monocyte CCR2 (Fig. 3A and B) , simply applying EE conditions (EE group) was equivalent to subjecting rats to JVS.
Based on our results, we assume that both at the behavioral and immunological levels, the observed metaplasticity-like changes following exposure to JVS are partly attributed to the level of anxiety and partly attributed to the activation of mechanisms that attempt to compensate for the impact of stress. We hypothesize that EE conditions can reverse only some of the metaplasticity effects of JVS, mainly the ability to behave normally under stressful conditions. Regarding the metaplasticity-like immune alterations, the EE creates a different, new situation, and may activate other mechanisms regarding aspects such as coping with inflammation. These properties may be different in potentially pathological situations, where these properties may induce adaptation, leading to resilience to inflammation (CCL2-CCR2 axis). Our results raise the possibility that EE does not simply reverse the JVSinduced metaplasticity effects, but rather indirectly modulates its impact.
JVS was previously shown to lead to long lasting behavioral metaplasticity. These metaplasticity changes are observed even a long time after the exposure to JVS, in the form of extreme anxiety response to a stressor (Schmidt et al., 2013) . Here, we further show that JVS can also lead to metaplasticity-like immunological changes long after exposure to the JVS. These changes are manifested as inflammation activation, leading to different reactions to the immunological challenge than one would observe under normal conditions (without prior exposure to JVS). Whether the immunological metaplasticity described here is in any way functionally related to the behavioral metaplasticity induced by JVS requires further investigation.
